Abstract-Metalorganic decomposition route with trifluoroacetates has been successfully used to fabricate YBa 2 Cu 3 O 7−δ (YBCO)-based coated conductors with an excellent performance. The microstructure and superconducting properties of YBCO films were controlled by the substrate properties and the solution chemistry or by regulating the processing parameters during the film heat treatment. In this work, three YBCO films with various porous structures, namely, a fully dense sample, a cell-structured sample with dense regions surrounded by a porous structure, and a highly porous sample, were deposited on single crystalline substrates (i.e., LaAlO 3 and La-doped CeO 2 buffered YSZ). The samples were investigated by X-ray diffraction, scanning electron microscopy, a vibrating sample magnetometer, and a magnetooptical imaging technique. All three films show highly epitaxial growth and good superconducting properties (T c onset around 89 K and J c higher than 3 MA/cm 2 at 77 K in self-field). However, we found that the porous structures formed by different nucleation and growth mechanisms during the sintering process still have strong influence on the superconducting properties, particularly when applying magnetic fields. The pinning behaviors in the films related to the nanoporous structures, characterized by magnetic moment measurements and visualized by magneto-optical imaging, will be discussed in detail.
I. INTRODUCTION
T HE chemical solution route is a promising technique for thin film deposition, which has been successfully applied in the fabrication of low-cost coated conductors with multilayer architecture. Superconducting YBCO films with high performance can be obtained by chemical solution routes either on single crystals or on technical substrates. Several issues, such as precursor solution [1] - [3] , coating techniques [4] and heat treatment procedures [5] have been extensively investigated in order to evaluate the influence of microstructure, which is controlled by solution chemistry, interface properties as well as growth conditions on the superconducting performance.
A porous microstructure is one of the most typical features in the films grown by the chemical solution route. Because of the long processing history and complex chemical reaction path, the origin of the porous microstructure formation varies. For example, L. Molina, et al. studied the porosity in La 2 Zr 2 O 7 films derived from a propionates-based solution route and suggested that the porosity, as high as 20%, is probably associated with gas release during decomposition and/or shrinkage during the sintering [6] . A nanovoid-free structure with improved performance against elemental diffusion of components could be obtained by multi-coating processes. In the case of YBCO superconducting layers, the pore formation is even complicated due to multiple steps of the reactions and existence of the transient liquid phase [3] , e.g., for TFA-MOD route.
It is generally accepted that large residual porosity is due to the typical island growth mode with low nuclear density and the conversion reaction of intermediate phases to YBCO [7] , [8] . Large pores strongly affect current paths and lead to concentration of electric fields [9] . In this sense, the growth conditions have to be carefully tuned to minimize negative effect of the residual porosity.
However, in the case of PLD-YBCO films, the nano-pores initiated from high density Y 2 O 3 nano-precipitates at the interface are strong pins for the magnetic vortices when using vicinal single crystal substrates [10] , [11] . Therefore, further study of porous microstructure is more than of pure academic interest. It provides deeper insight into the relation between growth process, microstructure and films performance. It also helps to optimize the manufacturing parameters.
In this work, we grow YBCO films with various porous structures and focus on the influence of microstructure on pinning behavior in the films. Three typical YBCO films with different porosity were deposited by the TFA-MOD route. Fully reacted films were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), vibrating sample magnetometer (VSM) and magneto-optical imaging (MOI). The correlation between microstructure and superconducting properties was studied. An explanation of the observed correlation is proposed. This could help to further improve performance of YBCO films by tuning the growth conditions.
II. EXPERIMENTAL DETAILS
The precursor solution for the deposition of YBCO films was prepared following a low-fluorine procedure described in [12] . Briefly, the yttrium and barium come from home-made 1051-8223 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. trifluoroacetates, while the copper source is the product of the reaction from copper acetate and acrylic acid. By mixing the stoichiometric Y, Ba and Cu sources in methanol at room temperature, a total cation concentration of 1.5 M is achieved in the final precursor. Two types of single crystals were used: (001) LaAlO 3 single crystals (CrysTec GmbH) and (001) YSZ substrates (5 mm × 5 mm, CrysTec GmbH) coated with a La-doped CeO 2 (CLO) buffer layer [13] . This latter type was selected to serve as a model to simulate the interface effect in the coated conductors.
The precursor solutions were deposited by spin coating at a rotation speed of 3000-4000 rpm, under which conditions the film thickness after full process is around 250 nm. The heat treatment of YBCO films included pyrolysis, sintering and oxygenation, and was similar for the two types of substrates. The pyrolysis process started from 150
• C to 400
• C with a ramp-rate of 1.7
• C/min in humid oxygen with a dew point (D.P.) of 20
• C. After that two sintering processes were applied for tuning the microstructure. One was sintering the pyrolized films at a P O2 level of around 500 ppm (designated as process HP O2 ), while the other was at P O2 level of about 200 ppm (designated as process LP O2 ). All the other processing parameters (i.e., heating ramp, target temperature, gas flow and D.P., etc.) were the same during sintering, and are comparable with those reported previously. The oxygenation for all the films was carried out at 450
• C for 3 hours in flowing oxygen. The sample ID, the corresponding substrates and the key parameters during the sintering processes used in this study are shown in Table I .
The phase assembly and global texture of the films were examined by XRD with Cu K α radiation in a four-circle diffractometer (Rigaku, smartlab). The (103) and (005) reflections of YBCO were used to characterize the in-plane and out-ofplane texture, which is determined by the respective full width at half maximum (FWHM) values. The morphology of the films was observed in a SEM equipped with an inlens detector (Zeiss Supra 35). The superconducting transition temperature (T c ) was determined by AC susceptibility measurements with an AC field amplitude of 0.1 mT and frequency of 17 Hz. The critical current density, J c , was determined by VSM and calculated based on the Bean model using the opening of the hysteresis loops obtained under magnetic field applied perpendicular to the plane of the films. Samples were also investigated by MOI. In this case, the samples were zero-field cooled (ZFC) to 20 K (boiling point of hydrogen), and external magnetic field was applied and increased to 85 mT or until the full penetration. Images were arbitrarily chosen from many other images of ZFC samples. 
III. RESULTS AND DISCUSSION

A. Morphology of the YBCO Films
The SEM images of the YBCO films listed in Table I are shown in Fig. 1 . The samples H-LAO and L-YSZ reveal homogeneous microstructures at macro-scale but with different porosity, while sample L-LAO shows an extended cell-like structure, consisting of dense areas surrounded by a highly porous structure. It is accepted that the formation of a cell-like structure is related to the low nucleation density and sluggish nucleation, especially for thick films derived from the BaF 2 processes [14] . V. Solovyov and Y. Xu et al. reported that by carefully tuning the growth conditions (such as gas flow and P O2 ), this granular appearance can be avoided [14] , [15] , which is in agreement with the results obtained in this study. The reason for the formation of the pore structure in the YBCO film deposited on CLO/YSZ is not clear. A similar feature has been observed by other researchers on buffer layer configurations grown by CSD routes [15] - [17] . The residual porosity is reduced when applying higher sintering temperatures (e.g., when a partial melting occurs), or by prolonging the dwelling time. This phenomenon may be associated with the initial nucleation of the YBCO films on the CeO 2 -based cap layer or with interactions between the YBCO film and the cap layer during the film growth stage.
B. XRD Analysis of the YBCO Films
XRD θ − 2θ scans were performed on the three YBCO films to examine the phase purities and c-axis growth quality. As shown in Fig. 2 , all the films show pure YBCO phase and predominant c-axis growth. This is evidenced by the strong (00l) peaks and negligible intensities of the peaks from other phases. It is noted that two samples (H-LAO and L-YSZ) exhibit higher degree of stacking faults leading to an obvious asymmetric broadening of (001), (002) and (004) peaks.
According to the quantitative texture analysis in terms of FWHM values of the YBCO (005) rocking curves and YBCO (103) phi-scans, as shown in Table II , all the films are well biaxially textured. Although the porosity in the sample L-YSZ is highest among all the three samples in this study, its texture quality is the best, implying a weak correlation between the pore formation and the texture development during the nucleation and growth. Furthermore, the specific interface properties, such as small lattice mismatch and the superior surface activity between the CLO buffer layer and the YBCO film is probably the reason of the better texture quality in the YBCO film grown under present conditions.
The length of the c-axis lattice parameters was calculated from the 2θ positions of (00l) peaks. It can be noted that the length of the c-axis in all three films is close to the value of 11.67 Å typical for powders and single crystals. By calculating the intensity ratios of the (005) and (004) reflections (when [18] . Table III lists superconducting parameters of the samples and shows that all films exhibit good properties with transition temperature T c (onset) of 88-89 K and high J c values (77 K, self field) of more than 3 MA/cm 2 . These values are comparable with best of those reported by others [19] , [20] . The reason for the highest J c value for YBCO grown on the CLO-buffered YSZ substrate is not clear, especially because it has such high porosity. Concerning the superconducting performance in applied magnetic field, the L-LAO sample has the lowest accommodation field B * and the lowest maximum pinning force (F MAX ), implying weak pinning at 77 K. It is interesting to notice that sample L-YSZ with the highest porosity exhibits better field performance than sample L-LAO with cell-like structure. The results imply that the engineering of microstructural defects generated by different interfaces is an effective alternative to enhance the performance of YBCO films.
C. Superconducting Properties of the YBCO Films
Magneto-optical images of all the three films under different applied external fields are shown in Fig. 3 . For sample H-LAO and L-YSZ, a typical flux penetration pattern can be obtained, i.e., dendrites grow from the edges of the films, except for several defects that strongly distort ideal penetration at the corners and edges. However, an unusual dendritic flux penetration is found in the sample L-LAO with the cell-like structure. The dendrites appear slowly and the magnetic field enters the sample on internal defects with equal amount of vortices and anti-vortices. Upon the increase of the field these spots merge together. The high-resolution flux intensity profile of the sample L-LAO close to the edge (not shown) was also acquired, confirming that dense regions with stronger pinning properties are surrounded by weak surrounding (porous regions).
IV. CONCLUSION
In this work, we investigated three low-TFA MOD YBCO films prepared under different conditions, mainly by tuning the P O2 level during the sintering. All films are of nearly pure YBCO phase with strong biaxial texture, but show significant difference in the morphology, i.e., one is fully dense, another cell-structured and third is highly porous. The differences can be explained by a different nucleation centers density or by the interfacial reactions between the cap layer and the YBCO. All films show good superconducting properties, i.e., high transition temperature and high J c values (at 77 K, self-field). However, the best performance in applied external magnetic fields was found in the fully dense YBCO films. The MOI technique reveals an unusual flux penetration closely related to the cell-like structure, in which the dense regions with strong pinning are surrounded by porous areas with a weaker pinning.
